To gain insight into the atomistic details of membrane fusion induced by fusogenic peptides, molecular dynamic simulations of synthetic peptides, derived from viral fusion proteins, contained in lipid bilayers were performed. A 20 amino acid peptide from the N-terminus of the influenza HA fusion peptide (WT20) assumed the oblique orientation at the interface between water and the membrane made up of dipalmitoylphosphatidylcholine (DPPC)/palmitic acid (PA), as reported previously for different membranes. Simulations of WT20 embedded in bilayer membranes made up of dioleoylphosphatidylethanolamine (DOPE) and DPPC/PA showed a positive curvature-inducing effect, whereas WT20 showed a negative curvatureinducing effect on a DPPC bilayer. In phase reconstitution analyses starting from a random mixture of DPPC, PA and water molecules, WT20 weakly stabilized an inverted hexagonal phase. In the latter analyses WT20 preferentially assumed a transmembrane orientation as opposed to the interfacial orientation, regardless of the phase to which the system settled (lamellar vs. inverted hexagonal). In another set of analyses using systems containing a water layer between the apposed DPPC/PA (and DOPE) monolayers, the behavior of WT20 during the formation of an intermembrane connection (or stalk) was examined. Comparison among the mutants supports a view that the oblique orientation of WT20 facilitates the perturbation of the lipid-water interface and the stalk formation. Taken together, these results imply that the influenza HA fusion peptide can have substantial effects on the membrane curvature and can assume a wide range of orientation/position in membranes depending on the local environment of the lipid/water system. Its movability and oblique orientation appear to be associated with its ability to perturb membrane/water interfaces.
INTRODUCTION
Fusion of viral and plasma or endosomal membranes is mediated by envelope glycoproteins, known as fusion proteins. For many viruses, fusion requires major structural modification of the fusion protein. Such modification has been established, for example, for influenza virus hemagglutinin (HA) and HIV gp41 proteins [1] [2] [3] [4] [5] [6] . The ectodomain of HA has been shown to consist of six polypeptides forming a trimer of HA1-HA2 complexes. The N-terminus of HA2, critical for HA fusion activity, has a highly conserved, hydrophobic sequence, referred to as the fusion domain or fusion peptide (FP) [7, 8] . In response to low pH in the endosome, HA changes conformation and projects its fusion peptide towards the target cell membrane [2, 9] .
Sequence and mutational analyses have identified and characterized FPs of fusion proteins for a number of viruses. Many findings support the direct involvement of FP, which is typically located at the N-terminus, in fusion between viral and cellular membranes (e.g. [7, [10] [11] [12] [13] [14] [15] ). Studies of the full-length fusion protein and in vitro assay of fusion peptide activities provided important clues on protein-induced membrane fusion events. In addition, synthetic FPs have been shown to exhibit membrane fusion and lytic activities [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
The FP of the Newcastle Disease Virus was shown to adopt an oblique angle in a DPPC monolayer [27] . Since then, the tilted orientation has been reported for FPs of several fusion proteins involving SIV gp32 [28] , HIV-1 gp41 [29] and HA2 [30] . More recently, Tamm and coworkers, using NMR and EPR, showed that the FP of HA (or HAFP) forms a shallow-angle inverted V structure [31, 32] . Their subsequent studies of the mutants G1V and W14A support the view that the inverted V shape and/or oblique orientation plays an important role in the fusogenicity of the peptide [33, 34] . The N-terminus FP and membrane proximal external region (MPER) of HIV-1 gp41 also exhibit lipid destabilizing and fusion activity against liposomes [25, 26, 28, 35, 36] . Several other peptides from proteins involved in lipid metabolism or from neurotoxic proteins have also been shown to adopt a tilted orientation (for review see [27, 37] ). Charloteaux et al. [37] have proposed that the tilted orientation may be responsible for the lipid destabilizing activity of FPs. For HAFP, although experimental findings vary in several aspects, there is general consensus that the significant α-helical content and oblique orientation of HAFP in the membrane are important for fusogenicity [30, 38, 39] .
Recent computational molecular simulations have been extended to studies of phase transitions of lipids, providing opportunities to study how the formation of nonlamellar phases is affected by lipid composition and peptides [40] . Marrink and Tieleman carried out atomistic molecular dynamics (MD) simulations of monoolein in an inverted cubic phase of the diamond type [41] . Importantly, a dipalmitoylphosphatidylcholine (DPPC)/palmitic acid (PA)/water 1:2:20 system exhibits membrane fusion and transformation from a lamellar to the inverted hexagonal phase in a manner similar to experimental systems [42] . Coarse-grained (CG) simulations of DOPE and DOPE/DOPC (dioleoylphosphatidylcholine) bilayers showed that spontaneous formation of stalks between the lamellar bilayers is triggered either by increasing the temperature or by reducing the hydration level [43] . It has also been shown that a transmembrane peptide induces lipid sorting as well as the lamellar to inverted phase transition in CG simulations [44] .
Given the progress in molecular dynamics simulations, one may ask whether membrane fusion induced by FPs can be studied with MD simulations. Several simulation studies of FPs with explicit treatment of the water/lipid membrane have been carried out [45] [46] [47] [48] . They showed that the oblique and kinked structure of FPs is stable for at least 5-18 ns in DMPC (dimyristoyl-phosphatidylcholine) bilayer [47] and in POPC (palmitoyloleoylphosphatidylcholine) bilayers [46, 48] . A recent study on oligomerization of HAFP, which utilized an implicit treatment of water, has shown that many different configurations (peptide/peptide and peptide/membrane) have similar energy levels [49] . How such structural features of FPs are associated with its fusogenicity is important. However, MD simulation analysis of membrane fusion is generally in its infancy. Hence, using the DPPC/PA and DOPE systems that have been shown to reproduce the phase behavior reported for the corresponding experimental system [42, 50, 51] , we performed the following sets of simulations (~3 s in total) to examine dynamics of HAFP and other peptides.
First, the equilibrium position/orientation in the bilayer membranes of HAFP was analyzed (in the 'equilibrium analysis' section). Second, using relatively large patches of membranes, the effect of HAFP on the membrane curvature was examined ('curvature analysis'). Third, using the phase reconstitution system made up of DPPC/PA/water, the effect of HAFP on the phase behavior was analyzed ('phase analyses'). Finally, in the Discussion section, we show some non-equilibrium MD simulation results to examine the behavior of HAFP and MPER during the formation of an intermembrane connection ('stalk propensity analyses'). Overall results are consistent with recent experimental and theoretical findings, suggesting the potential usefulness of the atomistic simulation approach for studying peptide-induced fusion. However, given the previous simulation studies of HAFP with the DMPC and POPC membranes [46] [47] [48] , we here attempted to examine the peptide dynamics in lipid structures involving non-lamellar ones. Therefore, the simulation conditions are not physiological and corresponding experiments involving the peptides have not been done. Since this approach cannot stand alone, experimental and structural studies that solidify the hypothesis are necessary.
SIMULATION DETAILS
The GROMACS 3.3.1 program was used for MD simulations [52] . For DPPC, the parameters by Berger were used [53] . For palmitic acid (PA), the protonated state was used as in Knecht et al. [42] . The PA carboxyl group was parameterized based on the glutamic acid from the GROMOS-87, whereas for the remaining acyl chain, the Berger parameter was used [53] . For DOPE, the parameter by Berger et al. [53] with modification by de Vries [50] was used. For the HAFP, X31 sequence, referred to as WT20, was used as in [32] . For the MPER of HIV-1, the segment of amino acids 662-683 was used based on Sun et al. [54] . The sequence of the peptides analyzed are: WT20: GLFGAIAGFIENGWEGMIDG W14A: GLFGAIAGFIENGAEGMIDG G1V: VLFGAIAGFIENGWEGMIDG WT13: GLFGAIAGFIENG WT8: GLFGAIAG MPER: ELDKWASLWNWFNITNWLWYIK, Note that W14A and G1V are identical with WT20 except for the altered residue shown with an underline. For the peptides and their mutants, the GROMOS-96
Openly accessible at parameter set was used. For water, the simple-point charge (SPC) model [55] was used as in Knecht et al. [42] . For all simulations, the bond lengths of lipids and water molecules were restrained using the LINCS and SETTLE respectively [56, 57] . To account for the long-range electrostatic interactions, the particle-mesh Ewald (PME) algorithm [58] was used with the realspace cutoff at 9Å and the maximal grid size of 0.12Å. Berendsen coupling was used for temperature control [59] . The pressure was controlled by the Berendsen barostat at 1 atm coupling all directions of the box to 1 bar allowing the box to deform.
As stated in the Introduction, this study consists of the equilibrium analysis, the curvature analysis, the phase analysis and the stalk propensity analysis. For all DPPC/PA membranes, the initial coordinates were created by randomly placing the DPPC and PA in a manner shown in [42] . The DOPE bilayer was prepared as described in [50] . Our preliminary analyses reproduced the phase behavior of the DPPC/PA/water system reported in [42] . 1:20 DOPE/water did not show a H II transition at 353 K within 10 ns. For peptides, coordinates for the initial structures were based on NMR analyses [31, 33, 34, 54] . For WT20, G1V and W14A, model 8 (of PDB code 1IBN), model 2 (of 1XOP) and model 17 (of 2DCI) were used respectively, based on the root mean square deviation (RMSD) of the backbone heavy atoms from the other models. Likewise, for the MPER the model 3 of 2PV6 was used [54] . For the HAFP, the N-terminus of the peptides was protonated as in Zhou et al. [60] , whereas the C-terminus was capped with NH 2 . The N-and C-termini of MPER were acetylated and amidated, respectively. The sidechains of Glu11 and Glu15 of the HAFP were protonated except for set 16 based on the study by Zhou et al. [60] . For ionizable residues of the MPER, the standard protonation state at pH 7 was used.
For the equilibrium analysis (Figure 1) , a membrane composed of DPPC/PA/water 1:2:40 was pre-equilibrated, then the peptides were embedded in a position/orienta-tion similar to those in [31, 33, 34, 54] . A 100 ps run was carried out with positional restraints on all peptide atoms, followed by a 10 ns run at 323 K with restraints only on the dihedral angles (Figure 1 and see  below) .
For the curvature analysis (Figure 3) , three different bilayers were used: 1) 192 DPPC, 384 PA and 15909 water molecules, 2) 270 DOPE and 10324 water molecules, and 3) 240 DPPC and 11065 water molecules. The approximate size of the simulation box (in x, y, z dimensions) was for: 1) 4.5 × 23.3 × 9.4 nm 3 , 2) 4.5 × 18 × 8.5 nm 3 , and 3) 4.5 × 20 × 8.0 nm 3 . Three WT20 peptides were placed at the lipid/water interface and 20 ns simulations were carried out. The curvature was measured using the distance d, which is the distance between the
Openly accessible at bilayer midplane and the COM of the group of the lipid molecules whose x-coordinate of the COM is located within the range covered by the three peptides as shown by the cartoon in the Figure 3 .
For the phase analysis (Figure 4) , the procedure was based on [42] . A system composed of 32 DPPC, 64 PA, 640 SPC water molecules with or without WT20 was used. 30 ns simulations were performed starting from the initial structures generated randomly using the Genbox module of the Gromacs suite.
For the stalk propensity analysis (Figure 5 ), the initial coordinates of lipids and peptides were sampled from the last 0.5 ns of the equilibrium analysis runs (at 323 K), whereas the hydration level was reduced to e.g., DPPC/PA/water 1:2:20. (The structure at 353 K was not used because the reduction of the hydration level from 1:2:40, if carried out at 353 K, appears to be too strong a perturbation.) The amount of water between the monolayers was adjusted without moving the peptide or lipid. To reduce the bias further, we sampled different frames from the equilibrium analysis. Care was taken to vary the coordinates and initial velocities among the runs. In this study, a stalk was defined as follows. First, a connection of lipid molecules between the lipid monolayers was found which existed for > 1 ns. Second, this connection was judged to be a stalk when it could be regarded as a cylinder that contained some of the atoms of three or more lipid molecules and 10 or less water molecules, within any 3Å segment of the cylinder. For the two-peptide stalk propensity analysis, the lipid/peptide coordinates at 323 K were aligned such that the peptides contained in the proximal monolayers apposed to each other and oriented in three different relative configurations (parallel, cross and anti-parallel). For example, for the cross configuration, two peptides form a 'cross' when viewed from the top, whereas, for the anti-parallel configuration, the N-terminus of one peptide and the C-terminus of the other overlap when viewed from top. For all the configurations, the x-and y-coordinates of the center of mass of the two peptides were identical.
One feature of this study is that many simulations utilized restraints on the anddihedral angles of the peptide backbone, using the initial structures (i.e., the models from 1IBN and 2PV6) as the reference structures.
For the restraints, a coefficient of 100 kJ/(deg) 2 (strong restraint) and 20 kJ/(deg) 2 (weak restraint) were tried. With the weak restraints at the high temperature (353 K), the helicity of WT20 was preserved, but the kink-like structure was less prominent (Figure 1 and data not shown). However, to minimize the effect of the artificial restraints, we utilized the weak restraints in many of the simulations. As the Results section shows, when the dihedral restraints were removed, structural variation was large in the pre-runs and in our preliminary analyses; the stalk-forming ability of the peptide was low compared to the peptide with the restraints. This led us to apply restraints in many of the simulations. The effects of the restraints must be critically assessed in future studies.
In this study, the z-axis is perpendicular to bilayer. For the secondary structure analysis, the DSSP program (http://www.cmbi.kun.nl/gv/dssp) was used based on [61] . Calculations were carried out on 15 AMD 2.2-GHz processors. All molecular images were made with VMD [62] . tides were analyzed. The positions of the COM of the amino acid sidechains in DPPC/PA/water/WT20 1:2:40:1 simulations were analyzed (Figures 1(a)-1(g) ).
The composition was chosen because the phase behavior (i.e., lamellar vs. inverted hexagonal) has been studied by both experiments [51] and simulations [42] under similar conditions. The temperature was varied widely (from 283 K to 353 K) because of the potential usefulness of the system for peptide dynamics analyses with lipids in a non-lamellar phase. For Gly residues the position of the C α atom is shown in Figure 1 . Under this water-rich condition, no intermembrane connection was formed during 10 ns. Note that for Figures 1(a)-1(c) , the 100 kJ/(deg) 2 restraints on the peptide backbone dihedral angles were used (see Simulation Details). At 323 K, WT20 resided in a slightly deeper part of the membrane than at 283 K, most likely because the area per lipid molecule increased and the headgroup layer was able to accommodate the peptide better at 323 K (Figures 1(a)  and 1(b) ). (In the pilot analyses, the area of the membrane (128 DPPC and 256 PA molecules) was 52.3, 67.3 and 78.4 nm 2 at 283, 323 and 353 K respectively). At 323 K, the position and orientation of WT20 were largely similar to those of previous simulations [46] [47] [48] . At 353 K, the structure was similar to that at 323 K, with the exception that the lipid acyl chains were opened wider, making the bilayer thinner than at 323 K (Figure 1(c)) .
As previous simulation studies have described [46] [47] [48] , the overall structure was V-like in shape, but the angle of V was larger than the pH 5 NMR-structure (PDB code 1IBN) by Han et al. [31] . When the restraints were weakened to 20 kJ/(deg) 2 , the general orientations were similar to those found with 100 kJ/(deg) 2 restraints (Figures 1(d), 1(e) ). The α-helix content was also similar to that with 100 kJ/(deg) 2 restraints (Figures 2(a), 2(b) ). At 353 K, α-helical content was 63.5 ± 10.3% for 100 kJ/(deg) 2 and 68.1 ± 8.1% for 20 kJ/(deg) 2 for the last 5 ns (Figures 2(a), 2(b) ), similar to ~66.8% for the pH 5 structure (1IBN). However, when Taken together, without the restraints, WT20 exhibits substantial deformation at 353 K from the pH 5 NMRstructure. Removal of the dihedral restraints resulted in a substantial change in the overall structure and an increase in α-helical content also in the case with G1V and W14A mutants (Figures 1(h), 1(i), 1(k), 1(l) and Figures 2(d), 2(e).) . Of note, for G1V and W14A, the restraints based on the reported structures (PDB code 1XOP and 2DCI, respectively) were used. Considering the potential importance of structure, simulations were performed mainly with dihedral restraints of 20 kJ/(deg) 2 in the following, whereas some simulations were carried out without the restraints.
Curvature Analysis
The second line of the analyses examined the effect of WT20 on the curvature of bilayer membranes. As Figure 3 illustrates, three WT20 molecules were embedded in the headgroup layer of each side of bilayers and 20 ns simulations were carried out at 313 K without the dihedral restraints. Intriguingly, the presence of the three WT20 molecules led to a slightly positive curvature of a DPPC/PA 1:2 bilayer, with the d value (Figure 3(a) ) being ~0.53 nm (set-L1, Figure 3(b) ). When three WT20 peptides were placed such that they aligned with the x-axis, the curvature occurred over the x-direction (set-L1). When the WT20 peptides were aligned with the y-axis, very weak positive curvature was observed over the x-direction (set-L2, Figure 3(c) ). The positive curvature-inducing effect on a DOPE bilayer was also observed when WT20 peptides were aligned with the x-axis and also when aligned with y-axis (set-L3 and L4 in Figures 3(d) and 3(e), respectively) . However, the effect on a DPPC bilayer was unstable when the WT20 molecules were aligned with the x-axis, as suggested by the large s.d. of d value (as shown in Figure 3 , set-L5), whereas a negative curvature was induced when the WT20 molecules were aligned with the y-axis (set-L6 in Figure 3) . Overall, the effect on the curvature is dependent on the lipid composition and the peptide orientation. It is currently unclear why the variance was large in the case of DPPC membrane with peptides aligned with the x-axis (set-L5). As a positive control, a DPPC bilayer containing lysophosphatidylcholine (with palmitic acid as the acyl chain) and phosphatidic acid induced curvature in 5 ns simulations of the DPPC/PA bilayer (data not shown), and therefore at least for our setting, 20 ns simulations were likely to be sufficiently long to examine the peptide effects on membrane curvature.
Phase Analysis
The effect of WT20 on 'phase behavior' of the DPPC/ PA/ water system was analyzed in the manner described in [42] . In this method, simulations starting from random structures/positions of molecules were performed, allowing spontaneous reconstitution of a lamellar or inverted hexagonal phase (Figure 4) . As set-R1 of Figure  4 shows, 60% of the runs (n = 20) performed at 333 K without WT20 formed an inverted hexagonal phase, while 35% of the runs formed a lamellar (bilayer) phase consistent with previous results [42] . For the simulations performed at 333 K with a WT20 peptide (set-R2), a slight increase in the propensity for the hexagonal phase was observed; 75% of runs (n = 20) formed an inverted hexagonal phase.
The effect of WT20 was more pronounced in the simulations performed at 313 K (set-R3 and -R4) than in simulations performed at 333 K; the presence of WT20 increased the propensity of hexagonal phase formation from 35% (set-R3) to 65% (set-R4). These simulations were performed with the 20 kJ/(deg) 2 dihedral restraints on WT20 to the 1IBN structure. When the dihedral restraints were removed and 313 K simulations performed, the results were largely similar (set-R5) with 60% were judged to be an inverted hexagonal phase. Overall, although the effect appeared to be subtle, the presence of WT20 caused a small shift toward the hexagonal phase. One notable feature of the results was that the WT20 tended to reside in the hydrophobic part of the bilayer or hexagonal structures, protruding into the lipid acyl chains, with the N-and C-termini interacting with distinct water columns (or layers) (Figures 4(d) and 4(e) ). In fact, such position/orientation was observed for all the simulations that assumed an inverted hexagonal phase and for 13 out of the 14 simulations that assumed a lamellar phase. Of course, many more simulations have to be carried out to draw any conclusion regarding the equilibrium position because the amount of water seems to be a critical factor governing the equilibrium position of the peptide. Nonetheless, these features are interesting in that such versatility of WT20 positioning may be relevant to its function in later stages of membrane fusion, such as hemifusion formation and rupture of hemifusion diaphragm.
DISCUSSION
In the above, the results of the equilibrium analysis, the curvature analysis and the phase analysis of WT20 were shown. In the equilibrium analysis, the oblique orientation of WT20 was largely similar to that reported
Openly accessible at water molecules were used. For each set, twenty simulations were performed starting from different random structures. Note that for set-R2 and R4, the dihedral angles of WT20 were restrained (20 kJ/(deg)
2 ) to the 1IBN as the reference structure. Shown in the right column is a summary of the phases obtained in the simulations. For each set, the final phase of separate 40 ns simulations is judged to be one of an inverted hexagonal ('hex'), a lamellar phase or an undefined ('undef') phase as in [42] . A structure mainly consisting of a bilayer is judged as a lamellar phase although this phase is likely to correspond to a gel phase in [42] . A lamellar phase is indicated in red (pink denotes a defect containing lamellar phase), an inverted hexagonal phase is depicted in green. Gray denotes an undefined phase. (b-e) Representative images of the phase formed: a lamellar phase formed in a set-R3 simulation run (b), a hexagonal phase in a set-R3 run (c), a lamellar phase in a set-R4 run (d), a hexagonal phase in set-R4 run (e). In (d, e) the WT20 peptide backbone is represented by an orange trace and the N-terminus as a yellow sphere. The membrane representation is similar to that described in the legend of Figure 3. previously, despite of our use of the DPPC/PA membrane. At the high temperature, the orientation was less oblique than at the low temperature, yet the introduction of the dihedral restraints restored the oblique angle. This finding may have technical implications for future simulation studies of peptide-induced membrane fusion. Does WT20 alter the membrane curvature? Experiments using dipalmitoleoylphosphatidylethanolamine (DiDOPE) by Epand and Epand [63] have shown that the wildtype peptide lowers the temperature of the phase transition from bilayer to hexagonal at pH 5 while it raises the temperature at pH 7.4. When added to phosphatidylethanolamine (PE), fusion peptides of some viral fusion proteins induce QII (inverted cubic) phases that do not form spontaneously without the addition of the peptides [64, 65] . These and other findings suggest that HAFP lowers the activation energy for steps in the fusion process, rather than stabilizing a particular structure such as the hexagonal phase. Although the difference in lipid composition makes it difficult to compare the experimental findings with our results, our findings suggest a possibility that MD simulations can complement experimental phase analyses in the presence of peptides. In our analyses, the WT20 effect leading to the slightly positive curvature in DPPC/PA membrane (Figures 3(b), 3(c) ) may appear to be inconsistent with the result of the reconstitution analyses (Figure 4) in which the presence of WT20 led to an increased propensity of an inverted hexagonal phase. However, the peptide protruded into the hydrophobic part of the hexagonal structure with the N-and C-termini interacting with distinct water columns (Figures 4(d), 4(e) ). Therefore, the phase behavior of the DPPC/PA membrane may be difficult to interpret simply based on the peptide effect on the curvature. The HA peptide may assume distinct orientations and functions depending on the lipid membrane composition and physical properties.
The transmembrane orientation of WT20 observed in the phase analysis may be relevant to the later steps of liposome fusion (e.g., the formation of hemifusion and the hemifusion diaphragm rupture), which deserve future analyses. The previous studies using EPR and NMR have unambiguously shown that WT20 resides in the outer leaflet of the bilayer membranes [31] . Therefore after binding to the membrane, WT20 is most likely stay in the outer leaflet with the tilted orientation. On the other hand, it has been proposed that, after the stalk formation WT20 assumes a more vertical and/or transmembrane orientation, interacts with transmembrane domain of the fusion protein and destabilizes the stalk and/or the hemifusion diaphragm [4, 5] . In this context, more analyses using the reconstitution of various lipids and peptides may give clue to peptide functions in membrane fusion.
Openly accessible at
Stalk Propensity Analysis
HAFP and many other peptides derived from virus fusion proteins exhibit lipid destabilizing and fusion activity against liposomes. So, one could be tempted to ask whether the fusogenicity of such peptides in vitro experiments can be studied in silico. For the DPPC/PA system, the stalk formation is the critical (rate-limiting) step in the transition from a lamellar to an inverted hexagonal phase [42] . For this system, stalk occurrence can easily be observed just by raising the temperature or reducing the hydration level. So, we initially attempted to analyze the peptide behavior during the very early phase of stalk formation. In this attempt, we unexpectedly found that WT20 can facilitate the stalk formation in the system. Therefore, we carried out several nonequilibrium analyses, in which one or two peptide(s) were contained in two apposed lipid monolayers. Figures 5(a) and 5(b) illustrate the setting of the one-and two-peptide simulations, respectively. It may be envisaged that this set of analyses mimics the situation in which dehydration drives two liposomes containing peptides to collide with each other. The initial structures were carefully set up as commented in the Simulation Details section. Table 1 summarizes the results of onepeptide simulations (mainly using the DPPC/PA/water/ WT20 1:2:20:1 system). The stalk propensity score represents the proportion of simulations in which a stalk was formed (Table1).
For all five simulations in set 1, a stalk was formed promptly at t = ~1-5 ns (Table 1, set 1) . By contrast, the stalk propensity was weak (0.3) for the system without WT20 (set 2). When the hydration level was increased, the stalk propensity decreased (set 3 and set 4), consistent with the results reported [42] . To reduce the rate of stalk formation from that in the control (i.e., set 2) simulation, we reduced the temperature, instead of increasing the hydration level. At 343 K, the stalk propensity was 0.9 for the 1:2:20:1 system (set 6), whereas it was 0.2 without WT20 (set 5). Figure 5(a) shows snapshots from a representative simulation of set 6. In many stalkforming events, the polar residues belonging to the kinked region (i.e., Glu11, Asn12 and Glu15) associated sta molecules tends to grow icker consisting of > 8 molecules. Stalk formation was ers was also examined (i.e., two-peptide an much quicker in the two-WT20 simulations. The association between the two WT20 peptides was typically , the f 20 kJ/(deg) 2 were used with resp , 2DCI for W14A 34 and 2PV6 for win ( MR structure of dihedr score is defined as the proportion of stalk (+) simulations out of the total number of simulations (n). For most sets n = 10. For the sets indicated by*, n = 5 (i.e., set 1, 3, 7). lk consisting of 3-4 lipid th typically accompanied by a subtle upward movement of WT20. When the z-position of Asn12 C α in WT20 was restrained relative to the z-position of the COM of lipid phosphorus atoms of the same (i.e., cis) monolayer, the stalk propensity was weak (set 7). Similar analyses were carried out for the MPER . Figures 1(m) and 1(n) show the equilibrium position of the MPER at 353 K. For both cases with and without the restraints, the helical structure was stable and the orientation was largely parallel to the membrane surface. The stalk propensity of MPER was small (set 13).
The system containing one peptide in each of the apposed monolay alysis). Despite the relatively high hydration level was used (DPPC/PA/water/WT20 = 1:2:30:2, the same as set 4), the stalk propensity was > 0.8 regardless of the configuration. Typically, the stalk formation was preceded by self-association of WT20 (Figures 5(b), 5(c) ). When the z-position of the Asn12 C α of both WT20 molecules was restrained, no stalk formation occurred. Compared with the one-WT20 simulations, stalk formation was mediated by ~2-3 hydrogen bonds formed by sidechains of residues Glu11, Asn12 and Glu15 of both peptides (data not shown). When simulations were performed on WT8 (i.e., a segment of eight residues at the N-terminus of WT20), no stalk propensity was found (set 8 and data not shown for the two-peptide system), consistent with the experimental finding [66] . The stalk propensity of WT13 was weak (set 9. The propensity was 0.3 for the 1:2:30:2 system). A stalk-inducing effect was also observed with two WT20 molecules in the DOPE membrane at 353 K, although the effect appears weak (set 14, 15). In several simulations, prior to the stalk formation, WT20 moved underneath the DOPE molecules. As WT20 moving to a shallower position, DOPE molecules also moved into the water layer (details not shown). Importantly, for both one-and two-peptide analysis, most of the observed stalks occurred in the proximity of the peptide. Our inspection showed that the lead-off lipid molecule (i.e., the first lipid molecule that moved out of the bilayer and stayed in the stalk for > 100 ps) was frequently associated with Phe3, Phe9 and Glu15. The following findings implicate the structure and orientation of the peptide for its ability to perturb the membrane-water interface. For most of the stalk propensity analysis, we introduced 20 kJ/(deg) 2 restraints on ptide dihedral angles based on the 1IBN structure. When the restraints were removed, structural variation was large (Figures 1(f), 1(g) and data not shown) and WT20 showed weak stalk propensity (set 10. The stalk propensity was 0.3 for the 1:2:30:2 system). Further insights may be obtained from mutants G1V and W14A. Gly1, the residue at the N-terminus, is critical for functions of the HA protein [7, 33, 67] . In the equilibrium analysis, G1V adopted a linear or slightly U-shaped structure (e.g., Figures 1(h), 1(i) ). With the 20 kJ/(deg) 2 dihedral restraints at its reported (linear) structure (PDB code: 1XOP), the stalk propensity of G1V was small (set 11. The stalk propensity was 0.3 for the 1:2:30:2 system). When the backbone dihedrals of WT20 were restrained to those of the NMR-determined G1V structure (i.e., linear), WT20 adopted a linear structure and the stalk-inducing activity became very weak, the propensity being 0.1 for the 1:2:30:2 system. Strikingly, when the dihedrals of G1V were restrained to those of the 1IBN (i.e., v-shape), the stalk propensity was high (0.9 for 1:2:30:2). When W14A was examined in the one-peptide system, the propensity was weak (set 12). When two W14A mole cules in anti-parallel and parallel configurations were examined in the 1:2:30:2 system (dihedral restraints set to the reported W14A structure, 2DCI), there was no significant stalk-inducing effect, the propensity being 0.1.
Overall, these results are consistent with the experimental results [33] which argue the importance of the V-shaped structure and/or the oblique orientation for the stalk-inducing effec ult to draw conclusion based on our MD simulations, our simulations showed that WT20 in the inverted V-shape has more opportunities for interaction with lipids or the peptide in the apposed monolayer membrane than G1V and W14A. The shape appears to enable the exposure of the kinked region to the water layer. However, due to the unphysiological nature of our system, this issue requires many more analyses.
Technical Limitations of Peptide-Induced Membrane Fusion Assay in Silico
While our stalk propensity results were experiments, it should be borne in mind that the membranes rich in palmitic acid or DOPE are unphysiologiIt should also be stressed that, while we simulations from lamellar structures, the membrane we used have 'per se' a propensity to form non-bilayer structures at the temperature based on the analysis by Knecht et al. [42] . While such non-equilibrium simulations may provide some information on kinetical effect of the peptides, more analyses close to equilibrium conditions are necessary to draw more reliable conclusions. The use of the high temperature allowed us to obtain some statistics, but as a trade-off, restraints were introduced on the peptide backbone dihedral angles. Thus, most of the analyses are dependent on the 'reference' structure, instead of the equilibrium structure for the force field and conditions used. It should also be pointed out that the limited size of the simulation system can cause artifacts. The effects of the artificial setting have to be carefully examined through more rigorous future experimental and theoretical studies. Future computational approaches may include coarse-grained (CG) simulations and Brownian dynamics simulations. Recent CG-based studies of membrane fusion involve Kasson et al. [68] . Analyses using these methods may elucidate more robust features about the behavior of the fusion peptides.
The amount of water was critical in this study, emphasizing the importance of the dehydration for the membrane fusion. Future directions may involve oligomerizati sion peptides) because the oligomerization may help the dehydration. β-sheet aggregation of HAFP may recruit HA trimers into a fusion site [66] . HAFP may also interact with the transmembrane (TM) domain or the other peptide segments contained in the external region [33] . The presence of other segments of HA protein may increase the chance for peptide oligomerization further [69] . Recent MD simulation analyses of oligomer configurations have shown that the HAFP oligomer can assume a variety of configurations (of peptide/peptide and peptide/membrane) [49] . The oligomerized peptides may have several roles ranging from stalk formation, to hemifusion, and to full fusion [e.g., 70]. Future computational efforts may well be focused on oligomerization of transmembrane peptides as well as fusion peptides (e.g., Kim et al. [71] ).
To summarize, the dynamics of the HAFP within lipid membranes was studied. When the HAFP was located at the DPPC/PA membrane-water interface, it assumed an oblique orientation as p hibited a significant effect on the membrane curvature. The effect was dependent on the lipid composition of the membranes: i.e., a positive curvature for the DPPC/PA membrane and the DOPE membrane whereas a negative curvature for the DPPC membrane. In the phase reconstitution analysis starting from the random DPPC/PA system, the HAFP exhibited a weak stabilization of an inverted hexagonal phase, which is suggestive of enhancement of the negative curvature. The distinct effects (i.e., positive vs. negative curvature) observed in the two DPPC/PA systems is likely to be related to the result that in the latter system the HAFP assumed a transmembrane orientation more frequently than an interfacial orienta-http://www.scirp.org/journal/jbpc/ tion. It can be envisaged that HAFP induces different types of curvature, depending on lipid composition and on the location and orientation within membrane. HAFP also increased the rate of stalk-formation in our nonequilibrium MD simulations in which the spontaneous stalk formation is slow without peptides. However, there are clearly many difficulties if one tries to interpret rigorously the non-equilibrium simulation results. Many more efforts to bring the system closer to a physiological system and to deal with longer time scales are necessary.
.M. and Wilschut, J.
Lorge, P., Goormaghtigh, E., Ruysschaert, cy virus gp32 and their mode of . and Tamm 
